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ABSTRACT
We have assembled a large sample of virialized systems, comprising 66 galaxy clusters,
groups and elliptical galaxies with high quality X-ray data. To each system we have
tted analytical proles describing the gas density and temperature variation with
radius, corrected for the eects of central gas cooling. We present an analysis of the
scaling properties of these systems and focus in this paper on the gas distribution
and M − TX relation. In addition to clusters and groups, our sample includes two
early-type galaxies, carefully selected to avoid contamination from group or cluster X-
ray emission. We compare the properties of these objects with those of more massive
systems and nd evidence for a systematic dierence between galaxy-sized haloes and
groups of a similar temperature.
We derive a mean logarithmic slope of the M − TX relation within R200 of
1.840.06, although there is some evidence of a gradual steepening in the M − TX re-
lation, with decreasing mass. We recover a similar slope using two additional methods
of calculating the mean temperature. Repeating the analysis with the assumption of
isothermality, we nd the slope changes only slightly, to 1.890.04, but the normaliza-
tion is increased by 30 per cent. Correspondingly, the mean gas fraction within R200
changes from (0.13 0.01)h− 3270 to (0.11 0.01)h−
3
2
70 , for the isothermal case, with the
smaller fractional change reflecting dierent behaviour between hot and cool systems.
There is a strong correlation between the gas fraction within 0.3R200 and temperature.
This reflects the strong (5.8σ) trend between the gas density slope parameter, β, and
temperature, which has been found in previous work.
These ndings are interpreted as evidence for self-similarity breaking from galaxy
feedback processes, AGN heating or possibly gas cooling. We discuss the implications
of our results in the context of a hierarchical structure formation scenario.
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1 INTRODUCTION
The formation of structure in the Universe is sensitive to
physical processes which can influence the distribution of
baryonic material, as well as cosmological factors which ulti-
mately govern the behaviour of the underlying gravitational
? E-mail: ajrs@astro.uiuc.edu
potential. By studying the properties of groups and clus-
ters of galaxies, it is possible to probe the physical processes
which shape the evolution and growth of virialized systems.
X-ray observations of the gaseous intergalactic medium
(IGM) within a virialized system provide an ideal probe
of the structure of the halo, since the gas smoothly traces
the underlying gravitational potential. However, this mate-
rial is also sensitive to the influence of physical processes
arising from the interactions between and within haloes,
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which are commonplace in a hierarchically evolving uni-
verse (?, e.g.)]blu84. Even in relatively undisturbed systems,
feedback from the galaxy members can bias the gas dis-
tribution with respect to the dark matter in a way which
varies systematically with halo mass. N-body simulations
(?, e.g.)]nav95 indicate that, in the absence of such feed-
back mechanisms, the properties of the gas and dark mat-
ter in virialized haloes should scale self-similarly, except for
a modest variation in dark matter concentration with mass
(?). Consequently, observations of a departure from this sim-
ple expectation provide a key tool for investigating the ef-
fects of non-gravitational heating mechanisms, arising from
feedback processes.
There is now clear evidence that the properties of
clusters and groups of galaxies do not scale self-similarly:
for example, the L− TX relation in clusters shows a
logarithmic slope which is steeper than expected (?,
e.g.)]edg91,arn99,fai00. A further steepening of this slope
is observed in the group regime (?, e.g.)]hel00, consistent
with a flattening in the gas density proles, which is evi-
dent in systems cooler than 3{4 keV (?). Such behaviour is
attributed to the eects of non-gravitational heating, which
exert a disproportionately large influence on the smallest
haloes. An obvious candidate for the source of this heating is
galaxy winds, since these are known to be responsible for the
enrichment of the IGM with heavy elements (?, e.g.)]n01b.
However, active galactic nuclei (AGN) may also play a sig-
nicant role, particularly as there is some debate over the
amount of energy available from supernova-driven outflows
(?). Recently, theoretical work has also examined the role
of gas cooling (?, c.f.)]kni97, which is also able to reproduce
the observed scaling properties of groups and clusters, by
eliminating the lowest entropy gas through star formation,
thus allowing hotter material to replace it (??).
Previous observational studies of the distribution of
matter within clusters have typically been limited by either
a small sample size (e.g. ?), or have assumed an isothermal
IGM (e.g. ?); it appears that signicant temperature gradi-
ents are present in many (?, e.g.)]mar98b, although perhaps
not all (?, e.g.)]whi00,deg02,irw00 clusters of galaxies. An-
other issue is the restriction imposed by the arbitrary lim-
its of the X-ray data; halo properties must be evaluated at
constant fractions of the virial radius (Rv), rather than at
xed metric radii imposed by the data limits, in order to
make a fair comparison between varying mass scales. In this
work, we derive analytical expressions for the gas density
and temperature variation, which allow us to extrapolate
these quantities beyond the limits of the data. However, we
are careful to consider the potential systematic bias associ-
ated with this process. Our study combines the benets of
a large sample with the advantages of a 3-dimensional, de-
projection analysis, in order to investigate the scaling prop-
erties of virialized haloes, spanning a wide range of masses.
In this work we have brought together data from three large
samples, comprising the majority of the suitable, radially-
resolved 3D temperature analyses of clusters. We include a
large number of cool groups in our analysis, as the departure
from self-similarity is most pronounced in haloes of this size:
the non-gravitationally heated IGM is only weakly captured
in the shallower potentials wells of these objects.
To further extend the mass range of our analysis, we
include two galaxy-sized haloes in our sample, in the form
of an elliptical and an S0 galaxy. Galaxy-sized haloes are of
great interest as they represent the smallest mass scale for
virialized systems and constitute the building blocks in a hi-
erarchically evolving universe. Great emphasis was placed on
identifying galaxies free of contamination from X-ray emis-
sion associated with a group or cluster potential, in which
they may reside, since this is known to complicate analysis
of their haloes (?, e.g.)]mul98,hel00. The most well-studied
galaxies are generally the rst-ranked members in groups or
clusters, and it is known that such objects are atypical, as a
consequence of the dense gaseous environment surrounding
them: the work of ?) has shown that brightest-group galax-
ies exhibit properties which correlate with those of the group
as a whole, possibly because many of them lie at the focus
of a group cooling flow. The study of ?) incorporated three
ellipticals, but any X-ray emission associated with these ob-
jects is clearly contaminated by emission from the group or
cluster halo in which they are embedded.
Throughout this paper we adopt the following cosmo-
logical parameters; H0 = 70 km s
−1 Mpc−1 and q0 = 0. Un-
less otherwise stated, all quoted errors are 1σ on one param-
eter.
2 THE SAMPLE
In order to investigate the scaling properties of virialized
systems, we have chosen a sample which includes rich clus-
ters, poorer clusters, groups and also two early-type galaxies,
comprising 66 objects in total. Sample selection was based
on two criteria: rstly, that a 3-dimensional gas temperature
prole was available. In conjunction with the corresponding
gas density prole, this allows the gravitating mass distribu-
tion to be inferred. Secondly, we reject those systems with
obvious evidence of substructure, where the assumption of
hydrostatic equilibrium is not reasonable; it is known that
the properties of such systems dier systematically from
those of relaxed clusters (?, e.g.)]rit02. This also favours
the assumption of a spherically symmetric gas distribution,
which is implicit in our deprojection analysis.
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